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Abstract: Li-ion batteries as a support for future transportation have the advantages of high storage
capacity, a long life cycle, and the fact that they are less dangerous than current battery materials. Li-
ion battery components, especially the cathode, are the intercalation places for lithium, which plays an
important role in battery performance. This study aims to obtain the LiNixMnyCo,O, (NMC) cathode
material using a simple flash coprecipitation method. As precipitation agents and pH regulators,
oxalic acid and ammonia are widely available and inexpensive. The composition of the NMC mole
ratio was varied, with values of 333, 424, 442, 523, 532, 622, and 811. As a comprehensive study of
NMC, lithium transition-metal oxide (LMO, LCO, and LNO) is also provided. The crystal structure,
functional groups, morphology, elemental composition and material behavior of the particles were
all investigated during the heating process. The galvanostatic charge—discharge analysis was tested
with cylindrical cells and using mesocarbon microbeads/graphite as the anode. Cells were tested
at2.7-4.25 V at 0.5 C. Based on the analysis results, NMC with a mole ratio of 622 showed the best
characteristicd and electrochemical performance. After 100 cycles, the discharged capacity reaches
153.60 mAh/g with 70.9% capacity retention.

Keywords: Li-ion battery; cathode; NMC; oxalate coprecipitation

1. Introduction

Future transportation technologies are expected to be highly energy-efficient and
environmentally friendly due to the rapid decrease in fossil-based fuel [1-3]. Green energy
harvesting, as the most promising energy source, necessitates reliable energy-storage
systems due to its intermittent nature, which is common in solar and wind energy. Due to
their high energy and power density, Li-ion batteries have long been the primary energy
storage device in electric grids and battery electric vehicles (BEV) [4-7].

The lithium transition-metal oxide group was responsible for the development of
the first commercially successful electrode battery. Despite its high cost, LiCoO, (LCO),
the first commercialized Li-ion battery cathode, still has a large share in the global Li-ion
battery market [8]. However, LCO is considered unstable at a high temperature, which
often causes the cell to have a thermal runaway reaction [9,10]. Co also has high toxicity
and the continuous exploitation may result in environmental damage [11]. Futhermore,
the LCO battery’s explosion can be hazardous to humans [12]. Spinel LiMn,0O4 (LMO)
is gaining popularity as a battery cathode due to the drawbacks of this expensive and
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toxic raw material. LMO has the advantage of being nontoxic, inexpensive and easy
to prepare. Futhermore, the discharge potential of this cathode material is higher than
that of LCO. Due to the Jahn-Teller effect, however, the LMO capacity quickly degrades,
resulting in a short life cycle [13-15]. Unfortunately, both electrode materials are practically
unattractive regarding being used for high-power applications due to their low energy-
storage capacity and short lifetime. LiNiO, (LNO) holds great promise in providing high
discharge capacities (250 mAh/g) for these applications [16]. However, the cycle instability
makes the LNO less than ideal for EV.

As a result of this phenomenon, researchers are experimenting with different ways
to combine the benefits of each lithium transition-metal oxide electrode [17]. One that is
promising and has been applied in portable devices is lithium nickel manganese cobalt
oxide (NMC). LiNixMnyCo,O, or NMC has a similar crystal structure to LCO and LNO [18].
NMC, on the other hand, has a higher specific capacity than LCO. NMC cathode material
is expected to have the largest share of the battery market [19,20]. Since each metal
holds a specific feature of the finished product, NMC can be modified by changing the
metal ratio. The race to produce well-characterized NMC cathode material with excellent
electrochemical performance continues.

A variety of methods, including solid-state, hydrothermal, spray pyrolysis, sol-gel
and coprecipitation, have been used to obtain cathode material [21,22]. The coprecipitation
method is widely used in producing NMC because it can provide NMC with good homo-
geneity and narrow particle distribution using water-soluble raw materials, which are easy
to handle [23]. To precipitate the materials, the procedure requires precipitation agents.
For hydroxide-based precipitation, NaOH is a common precipitation agent. However, in
hydroxide-based coprecipitation, the sensitivity of nucleation and particle growth results in
low particle morphology reproducibility. In addition, Mn ions are highly sensitive toward
oxidation, resulting in a homogeneous mix of NMC, hence inert gas addition during the
process is extremely necessary. Carbonate-based coprecipitation results in larger particle
size and low homogeneity, which can cause poor electrochemical performance. Due to the
reducing properties of oxalate ions, oxalic-based coprecipitation can produce fine-sized
NMC with good homogeneity [24].

Studies on the synthesis of NMCs at various compositions and precipitates are pre-
sented in Table 1. Table 1 shows the total time spent on precursor preparation, calcination/
pre-sintering, and sintering. Because of the differences in operating conditions, particularly
for oxalate coprecipitation, research on NMC synthesis for all variations under the same
conditions was undertaken. This method will provide advantages in the uniformity of
synthesis and the most simple, effective, fast, and inexpensive conditions are chosen. Pro-
duction of materials in a shorter time can save time and costs. Therefore, for the first time,
this research proposed a facile production of various NMC cathode materials, i.e., NMC
333, NMC 424, NMC 442, NMC 532, NMC 523, NMC 622, and NMC 811 via flash oxalate
coprecipitation. To study the characteristics of NMC’s in depth, lithium transition-metal
oxide materials (LCO, LMO, and LNO) were also prepared. The electrochemical perfor-
mance in this study was measured by a full-cell configuration using a cylindrical cell, and
the result will be greatly beneficial for commercial application.
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Table 1. Various LiNixMnyCo,O, (NMC) preparation techniques.
. Coprecipitation Pre-Sinterin Sinterin, Total
Materials precip ©0) & ) & Times (h) Ref.
Carbonate Coprecipitation
NMC333 - 500 900 22 [25]
NMC333 40 500 850 29 [26]
500 950
Hydroxide Coprecipitation
NMC532 60 - 950 32 [27]
NMC622 - 480 850 33 28
NMC622 60 - 920 32 29
NMC622 - 500 850 42 30
NMC811 60 - 780 32 29
Oxalate Coprecipitation
NMC333 65 480 850 52 31
NMC333 - 500 850 26 32
NMC622 60 500 850 31 33
NMC811 150 (hot plate) 500 750 38 34
LiNixMnyCo,O,
(x<08,y>01, 60 600 800 18.5 This work
z>0.1)

2. Results and Discussion
2.1. Oxalate Precursor Characterization

To see the results of the precipitates and detect the presence of impurities, X-ray
diffraction was used to characterize oxalate precursors at an early stage. Figure 1 depicts
the entire diffraction pattern of the prepared samples. Both CoOX, MnOX, and NiOX are
in orthorhombic crystal systems, as well as NMCOX. CoOX and NiOX are indexed with
B-M"C,04-2H,0, while MnOX is denominated as y-MnC,04-2H,0O [35,36]. Therefore,
all the peaks are similar to FeC;04-2H,O. Individual phases of NiOX, MnOX and CoOX
are absent in NMCOX, corresponding to the homogeneous mixing and distribution of
Ni-Co-Mn at an atomic level. However, the peaks in the NMCOX, which are less sharp
than that of NiOX, indicated smaller crystal sizes and fluorescence effect by the presence of
cobalt and manganese atoms [36]. Testing samples with high amounts of cobalt might result
in a pattern with high background noise due to fluorescence effect caused by interaction
between X-rays from Cu with the cobalt-containing sample. Therefore, the XRD pattern of
LCO and NMCOX111 show high noise. The lattice parameters for all samples can be seen
in Table 2. The a, b, and c values follow the values reported by Oh et al. [37,38]. Nickel
oxalate and cobalt oxalate have similar lattice parameters, however, manganese oxalate has
different values; thus, as the nickel content of NMC-oxalate increases, the lattice parameter
values will be similar to nickel oxalate.

Figure 2 shows the mid-IR region (4000-400/cm) absorbance spectra of all the pre-
cursor samples as supporting data for the X-ray diffraction pattern. The absorbance of all
the samples was the same. The bending vibrations of O-H are responsible for the broad
peaks at around 3300-3500/cm and 1600/cm. The sharp peak located at about 1300/cm
corresponds to the C-O bond [39-41]. The peaks between 600 and 800/cm indicate C-O
and O-C = O bonds. The presence of C-O and O-H peaks indicates that there was direct
contact between the sample and air during preparation [21]. The metal oxide (M-O) bond,
which is in the metal oxalate phase, also has a peak around 490/cm [42]. The FTIR results
of the NMCOX samples are comparable to those of FeCy0O4-2H,0, indicating that the
precipitation of NMC-oxalate occurs with the reaction given in Equations (1) and (2), as
indicated by the X-ray diffraction results.

xNiZ* (aq + yMn?* (aq + zC02+(aq) + NH;OH,q) = NiXMnyCoZ(NH3)2+(aq) +H,Oq) (1)

NianyCoZ(NH3)2+(aq) + H2C204(aq) —>NiXMI’1yCOZCZO4$(S) + NH4+(aq) + H+(aq) (2)
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Figure 1. X-ray diffractometer patterns of the oxalate precursor; (a) MnOX, (b) CoOX, (c) NMCOX 333,
(d) NMCOX 424, (e) NMCOX 442, (f) NMCOX 523, (g) NMCOX 532, (h) NMCOX 622, (i) NMCOX
811, and (j) NiOX.

Table 2. Lattice parameter of the oxalate precursor.

Sample a(A) b (A) c(A)
MnOX 13.64 3.91 12.29
CoOX 12.22 5.30 15.99
NMCOX 333 11.76 5.49 15.21
NMCOX 424 12.04 5.37 15.16
NMCOX 442 11.95 5.44 15.40
NMCOX 523 11.95 5.40 15.29
NMCOX 532 11.84 5.36 15.36
NMCOX 622 12.24 5.35 15.37
NMCOX 811 11.92 5.37 15.47

NiOX 12.04 5.41 15.72

In the absorbance spectra test, it was discovered that the sample contains an O-H group
in the form of water. Thermogravimetric analysis (TGA) was used to perform a thermal
analysis to determine the amount of water in the sample. Figure 3 shows weight loss
through two stages, at temperatures around 200-250 °C and 320-400 °C. The weight loss
at stage one is associated with dehydration of the precursor to anhydrous compound [43].
Because the sample loses 19.7% of its weight, the precipitants formed are NMC-oxalate
dihydrate and nickel oxalate dihydrate, which can be confirmed [43—45]. Then, in stage
two, the weight loss is 40% due to the decomposition of the NMC-oxalate to the NMC-
oxide [38]. The reactions in these two stages are shown in Equations (3) and (4) [44]. This
phenomenon is also explained in Table 3, which shows the temperature of the dehydration
and decomposition stages of the precursor, including those reported in previous studies.
The calcination process began at a slightly different temperature for each sample, but the
nickel content tended to differ. The calcination temperature drops as the nickel content
(Ni-rich material) rises [46].

Stage 1: MC204'2H20 — MC204 + 2H20 (3)

Stage 2: MC,04 — MO + CO + CO, )
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Figure 2. FTIR spectra of the oxalate precursor; (a) MnOX, (b) CoOX, (c) NMCOX 333, (d) NMCOX 424,
(e) NMCOX 442, (f) NMCOX 523, (g) NMCOX 532, (h) NMCOX 622, (i) NMCOX 811, and (j) NiOX.
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Figure 3. Thermal analysis of NiOX and NMCOX.

Table 3. The temperature in the dehydration and decomposition stages of the precursor.

Sample Dehydration (°C) Decomposition (°C) Ref.
NiC,,04-2H,O 200-227 321-350 [43]
NiC,04-2H,O 120-260 309-375 [44]
NiC,04-2H,0 196-284 316-365 [45]

NiC204 ~2H20 and .
NMCC,0,-2H,0 200-250 320-400 This work

2.2. Cathode Material’s Characterization

The lithiated and heated product from the coprecipitation process is then used. The
final product in the cathode material is then characterized in order to determine the material
that has been formed. The first test, as in the previous characterization, is X-ray diffraction,
as shown in Figure 4. X-ray Diffractometer (XRD) patterns of LCO, NMC, and LNO samples
prepared after heat treatment showed a hexagonal structure, such as layered x-NaFeO,
(space group: R3 m). All peaks conform to the JCPDS LiNiO, card with no observable phase
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impurities [47,48]. However, for NMC 333, LNO, LCO and LMO, Li,CO3 was detected in
the material. To compensate the Li loss during high-temperature lithiation (at 800 °C), an
excess of Li source was added. In samples with high content of Co and Mn, which usually
form a layered structure at high temperatures, it can be predicted that the formation of
layer-structured material is not completed due to nonoptimal sintering temperature. On
the contrary, the formation of Ni-rich, especially Ni-based, cathode material, is optimal in
lower temperature. Therefore, at 800 °C, the formation of rock-salt NiO was favorable, and
this hampered the lithiation process which predicted the unsuccessful lithiation process.
These phenomena cause the formation of Li;CO3 phase on the sample. Meanwhile, LMO
shows a cubic spinel structure with space group Fd3m (the lattice parameter a = b = c) [49].
The double peak at (006)/(102) and (018)/(110) corresponds to a well-ordered layered
structure [22,23]. Especially for NMC, a double peak can be clearly seen at 26 38.4°-38.5°
for (006)/(102) and 64.5°-65.5° for (018)/(110).

.Lizco3l::: g g _ = a) f)
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Figure 4. X-ray Diffractometer (XRD) patterns of the sample; (a) LMO, (b) LCO, (c) NMC 333,
(d) NMC424, (e) NMC442, (f) NMC523, (g) NMC532, (h) NMC 622, (i) NMC 811, and (j) NMC 811.

The lattice parameter and the R value presented in Table 4 can be used to evaluate the
well-ordered, layered material. The lattice parameters of each sample were calculated using
the least-squares regression method [21]. The c/a value of the lattice parameter indicates
the crystallization of the material. The ideal value of c/a is above 4.899 [50]. Both NMC
and LNO samples had values above the ideal c/a ratio, which meant that the samples had
a well-ordered layered structure. The relative intensity of certain peaks in XRD indicates
the degree of antisite interference of Ni>* and Li*. Furthermore, a good hexagonal ordering
of the lattice has an R value below 0.45 [50]. All samples had R values less than 0.45, with
the exception of NMC 811. Electrochemical performance can be improved by lowering
antisite interference values [51].
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Table 4. The lattice parameter of LMO, LCO, LNO, and NMC at various compositions.
Sample a(A) c(A) c/a Volume (A)3 IR R
LMO 8.223 8.223 1.000 556.020 1.420
LCO 2.849 14.170 4974 298.758 0.744 0.314
NMC 333 2.874 14.156 4.925 303.834 1.467 0.410
NMC 424 2.845 14.142 4971 297.364 1.430 0.399
NMC 442 2.845 14.100 4957 296.428 1.437 0.441
NMC 523 2.849 14.170 4974 299.922 1.571 0.372
NMC 532 2.873 14.156 4.930 303.558 1.633 0.366
NMC 622 2.865 14.170 4946 302.167 1.430 0.313
NMC 811 2.865 14.257 4.976 304.004 1.582 0.459
LNO 2.887 14.185 4913 307.211 1.530 0.253

Calculating the intensity ratio (IR) can reveal the presence of cation mixing, which is
common in layered transition-metal oxide cathode materials. IR for LCO, NMC, and LNO
uses peaks (003) and (104), while for LMO it uses peaks (111) and (311), and the results are
listed in Table 4. The IR value of each sample is more than 1.2, except for LCO, which has a
low degree of cation mixing [52]. The occurrence of cation mixing mostly occurs at higher
Ni content. In the transition-metal lattice, the Ni?* will substitute the Li-ion due to their
similarity in radii size [53]. In this case, the IR value does not significantly change as the Ni
content increases. This could be due to the presence of Co and Mn, which are still capable
of allowing NMC samples to be structurally stabilized.

Figure 5 shows an FT-IR spectrum analysis of the presence of anionic impurities on
the surface of cathode material samples. On the basis of spectra, the carbonate compound
is only visible (~900/cm and ~1400/cm). This can be attributed to Li;COj as a result of
excess Li source. The peak should indicate the oxide phase only, but there is another phase
that can be observed that is not attributed to the metal oxide phase. These phase is the
result of the absorption of molecules in the atmosphere in the sample. During the heating
process, Li;COj3 is melted and decomposed, releasing CO,. However, residual Li was
converted back into Li;COj as the sintering process was finished [21]. The equation depicts
the formation of Li;COj3 on the surface of samples (5,6). At NMC 333 and LNO, where the
peak is sharp and clear, these spectra support the suspicion of impurity. Since the presence
of Li;COj is considered low, it can be neglected.

Li,O + H,O — 2LiOH (5)

2LiOH + CO, — Li,CO3 + H,O 6)

At temperatures of 46-200 °C and 250400 °C, Figure 6 depicts weight loss in two
stages. The loss of adsorbed water on the material’s surface and the intercalation of several
water and alcohol molecules are responsible for 9.8% of the weight loss in stage one. In
stage two, the weight loss of 25% is due to the reaction between lithium oxide, nickel
oxide, manganese oxide, and cobalt oxide. Then, the sample weight starts to be constant at
~450 °C. This weight loss can confirm that the formation of NMC crystals has occurred [54].
It is also reinforced by the DSC curve in Figure S1, to determine the optimal calcination
temperature. Three peaks between 60-360 °C indicate an exothermic state that affects the
loss of water in the material due to evaporation [55]. To confirm the TG curve, the lithiation
process begins at 460 °C. Based on the curve, the final mass is consistent with the theoretical
value of ~42%.
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Figure 5. FTIR spectra of the sample; (a) LMO, (b) LCO, (c) NMC 333, (d) NMC424, (e) NMC442,
(f) NMC523, (g) NMC532, (h) NMC 622, (i) NMC 811, and (j) NMC 811.
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Figure 6. Thermal analysis of LNO and NMC at various compositions.

Scanning Electron Microscope (SEM) testing was used to determine the morphology
of the sample after the heating process as shown in Figure 7. Most samples have nanosized-
to-submicron-sized primary particles clustered together to form microsized secondary
particles. Compared to before the heating and lithiation process, the particle shape did
not change significantly, for example in NMCOX 622 and NMCOX 811 in Figure S2. Small
agglomerated cubes were found in the NMC 622, NMC 811, and LCO samples. The
particles in NMC samples 333, 424, 442, 523, and 532 were quasispherical. LNO has a chunk
morphology and LMO has an irregular shape. All samples have a primary particle size
<1.5 um, while for secondary particles, the variations are presented in Table 5.
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Figure 7. Scanning Electron Microscope images x5000 magnification of LMO, LCO, LNO, and NMC
at various compositions.

Table 5. Particle size.

Sample Primary Particle (um) Secondary Particle (um)
LMO 0.2-0.8 -
LCO 0.4-0.8 6-10
NMC 333 0.09-0.3 2-5
NMC 424 0.2-0.3 1-5
NMC 442 0.09-0.4 1-3
NMC 523 0.4-1.0 3-5
NMC 532 0.1-0.2 3-5
NMC 622 0.6-1.5 3-7
NMC 811 0.1-0.2 3-7

LNO 0.2-0.7 3-8

Table 6 presents the XRF result of the as-prepared samples for NMC. This XRF data
is based on three atoms, namely Ni, Mn and Co. The nickel content of NMC 333, NMC
523, NMC 532, and NMC 622 is a little far from the expected nickel content. Meanwhile,
NMC 424, NMC 442, NMC 622 and NMC 811 are close to the expected values. Similarly,
except for the NMC 622 sample, which had a lower Co content, the Mn and Co content in
all samples was close to the expected value.

Table 6. Ni-Mn—Co content of as-prepared samples.

No Samples Ni (Atom %) Mn (Atom%) Co (Atom %)
1. NMC 333 38.86 25.91 35.22

2. NMC 424 41.70 18.00 40.30

3. NMC 442 41.34 39.94 18.72

4. NMC 523 52.96 15.36 31.68

5. NMC 532 54.21 24.80 20.98

6. NMC 622 59.80 18.85 21.35

7. NMC 811 81.26 8.03 10.71

2.3. Electrochemical Performance Test

A cylindrical battery cell was used to test the NMC cathode material electrochemically.
As the anode, mesocarbon microbeads (MCMB) (MTI, America) were used to test the
charge—discharge analysis. Before grading, the formation cycle of the NMC battery sample
was completed; data are not shown. Then, the specific capacity is determined after three
cycles. The charge—discharge curves created using a current density of 0.5 C are depicted in
Figure 8.
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Figure 8. Charge—discharge analysis of as-prepared samples.

The specific discharge capacity of NMC 333, NMC 424, NMC 442, NMC 523, NMC 532,
NMC 622 and NMC811 is 120.20 mAh/g, 129.43 mAh/g, 127.30 mAh/g, 140.04 mAh/g,
134.22 mAh/g, 153.60 mAh/g and 106.30 mAh/g, respectively, as shown in Figure 8.
NMC622 delivers a higher specific discharge capacity due to its high nickel content; mean-
while, NMCB811 needs different synthesis conditions. NMC cathode material has active
electrochemical ions, Ni?* and Co®*. The oxidation of Ni?* must follow charge com-
pensation during lithium extraction (i.e., charging) to Ni** and Ni**, and Co®* to Co**,
respectively [56]. Since the Ni** and Ni*" ions are converted to Ni?* ions when heated,
oxygen release from the structure is unavoidable to maintain charge neutrality. The temper-
ature ranges for the LiMnyO4-type and Mn3O4-type spinel for each sample are similar to the
temperature range for oxygen release spreading. The lower the onset temperature of oxy-
gen release and the tighter the oxygen distribution, the higher the nickel content [57]. Thus,
NMC811 needs an extra oxygen environment in the heating process. The same method is
used to make LCO, which has a specific capacity of 92 mAh/g (data not shown). As a result,
when compared to LCO, it can be concluded that the sample performs exceptionally well.

Using a standard research protocol, Figure 9 depicts the rate ability of various NMC
samples. The real specific capacity (C’) rather than the theoretical capacity (C) is used to
determine the charging and discharging rate. After three cycles of the formation process
(not shown), the cells were charged at 0.5 C" and discharged at different discharging rates.
Even after being discharged at high currents, the graph shows that all samples have a
small capacity reduction, as reported by Schmidt et al. [58]. This behavior indicates that
the prepared sample has a good cycling performance. Since NMC622 has a higher specific
discharge capacity, Figure 10b shows its cycling behavior for 100 cycles at 1 C’ rates, and its
capacity retention of 70.9%. The cycling performance of NMC532 and NMC442 are also
shown in Figure 10a and have capacity retention of 86.1% and 72.6%, respectively. More
research is needed to obtain better and more stable capacity and lower capacity retention.

NMC622 is a highly recognizable and well-studied material due to its excellent elec-
trochemical performance. Several studies on NMC622 and its electrochemical performance
are listed in Table 7. Compared to full-cell, half-cell electrochemical studies are reported
more frequently. However, this study uses full cells because they are closer to commercial
applications. This research can be a reference for the development of a simpler, faster, and
more effective synthesis of NMC, especially NMC622, in the future.
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Figure 10. Cycle-ability analysis of; (a) NMC 442, NMC 532, and NMC 622 at 1 C’ for 50 cycles, (b)
NMC622 at 1 C” for 100 cycles.

Table 7. State-of-the-art performance metrics of NMC622.

Electrochemical Performance

Electrode Methods (Capacity (mAh/g), Cycle, Ref.
Rate)
. Hydroxide 172 mAh/g, 94% after
NMC622 vs. Li metal coprecipitation 100 cycles at 11(():,(:143 mAh/g at [59]
Hydroxide 201 mAh/g, 78% after
NMC622 vs. Li metal P 100 cycles at 0.1 C, [30]
coprecipitation ~120 mAh/g at 5 C
NMC622 vs. Li metal Carbonate 155 mAh/g, 96% after 30 cycles [60]
coprecipitation y at0.5 C,f -
: Carbonate 186 mAh/g, 95% after 10 cycles
NMC622 vs. Li metal coprecipitation at 0.5 C, ~50 mAh/g at 5 C [61]
174 mAh/g, 87% after
NMC622 vs. Li metal Sol-gel 100 cycles at 1 C, ~70 mAh/g [62]
at10C
Hvdroxid 188 mAh/g, 96% after
NMC622 vs. Li metal cOpaeioiation 100 cycles at 0.5 C, [63]
precip ~140 mAh/g at 5 C
Oxalate 153.6 mAh/g, 70.9% after
NMC622 vs. MCMB coprecipitation 100 cycles at 12C6140 mAh/g at This work
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2.4. Postmortem Analysis

To determine the state of the material after the cycle, a postmortem analysis was
performed. Cycling causes capacity degradation, as shown in Figure 10. Loss of active
material due to structural degradation, loss of reversible lithium, and increased resistance,
all contribute to capacity degradation [64]. The structural degradation can be seen through
XRD and FTIR analysis presented in Figure 11. In Figure 11a, impurities in the form of
Li,COj are seen at 20 27.8°. The formation of Li,COj3 occurs due to a side reaction between
the electrolyte and the cathode material. Furthermore, due to a decrease in crystallinite,
the postcycle sample appears to be wider than the precycle sample [21]. The emergence of
Li,CO3 impurities is also supported by the FTIR analysis shown in Figure 11b. FTIR spectra
show Li,COj3 at wavenumbers 838/cm, 1397 /cm and 1480/cm. ROCO,Li (1634 /cm) and
ROLi (1073/cm) were also found on the surface of the material. The large amount of
LipCOj3 formed causes a large reversible Li loss [64]. In terms of morphology, the presence
of a solid electrolyte interphase layer covering the particle surface can be seen in postcycle
in Figure 12. The decomposition of organic electrolytes results in the formation of this

layer [65].
NMC622 NMC622
LiZCDZ
e f
i "
:? o~ |
s A A § ;
= -0 :
2 Post-Mortem NMC622 é Lyeos oo o €03 post.Mortem
a & ROCOLI 4 i : NMC622
= c % i
& o] :
T
= =

20 25 30 35 40 45 50 55 2000 1800 1600 1400 1200 1000 800 600 400
2 theta (degree) Wavenumbers (1/cm)
(@ (b)

Figure 11. Postmortem analysis of NMC622; (a) X-ray Diffractometer pattern and (b) FTIR spectra.

Figure 12. Scanning Electron Microscope images x 10000 magnification of NMC622; (a) Precycle,
(b) Postcycle.

3. Materials and Methods
3.1. Material Synthesis

The transition-metal oxalate of LiMn,O,4 (LMO), LiCoO, (LCO), and LiNiO, (LNO)
were synthesized by a precipitation method. Nickel sulfate hexahydrate/NiSO4-6H,O
(Zenith, Sao Paulo, Brazil), cobalt sulfate heptahydrate (CoSO4-7H,O) (Rubamin, Vadodara,
India), and manganese sulfate monohydrate (MnSO4-H;O) (Yaolong Chem, Deyang, China)
were used as raw materials to create the transition-metal oxalate without any purification.
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MnSQOy4-H,O was dissolved in deionized water with a concentration of 2 M solution at 60 °C
and with stirring at 600 rpm. HyCp04-2H,0 (YC Chemicals, Shenzhen, China) as a precipi-
tating agent was also dissolved in deionized water equimolarly. Then, the HyCyO4-2H,0
solution was mixed with MnSOy4-H,O solution, and maintained at a constant tempera-
ture for 30 min. The resulting material was precipitated, washed to neutral pH, filtered,
and dried in an oven overnight at a temperature of 150 °C. MnOX is the abbreviation for
transition-metal oxalate dihydrate precipitant. CoOX and NiOX are the transition-metal
oxalate of LCO and LNO, which are synthesized using the same process.

NiSOy, CoSO4, and MnSO, were directly used without any purification as the ternary-
metal source for NMC. By stirring with deionized water and heating at 60 °C, a stoichio-
metric amount of Ni-Mn—Co salt was dissolved. To obtain a complex solution, equimolar
ammonia (Merck) was added after a stable solution had been achieved. On the other
hand, an equimolar amount of 2 M H,C,04-2H,0 solution was prepared. Then, the
H,C,04-2H,0 solution was mixed into the Ni-Co-Mn salt solution until a pH of 2 was
reached. For 2h, the temperature and pH were kept constant. The resulting material
was precipitated, washed until neutral pH, filtered, and dried in the oven overnight at a
temperature of 150 °C. The NMC-oxalate samples were denoted as NMCOX 333, NMCOX
424, NMCOX 442, NMCOX 523, NMCOX 532, NMCOX 622, and NMCOX 811 in respect to
the composition of the ternary transition metal.

The dried MnOX, CoOX, NiOX, and NMCOX were mixed by hand milling with
LiOH-H,O (Leverton, India) with ternary metal to a Li ratio of 1:1.05 until homogenous.
Then, it was calcinated for 6 h at 600 °C and sintered for 12 h at 800 °C in a muffle furnace
under an air atmosphere. The obtained fine powder was sieved using a 200-screen mesh.
The finished products were labeled as LMO, LCO, LNO, NMC 333, NMC424, NMC 442,
NMC 523, NMC 532, NMC622, and NMC 811.

3.2. Material Characterization

Fourier Transform Infrared (FTIR) spectroscopy (Shimadzu FTIR Spectrometer, Japan)
was used to look for functional groups and surface chemistry in precursor and NMC
product samples. Structural properties of powders were investigated using X-Ray Diffrac-
tometer (XRD) (D2-Phaser Bruker, Germany) using CuKo radiation at a diffraction angle of

10 < 26 < 80° and scanning rate of 0.02° /s using A = 1.5406 A. The morphology and particle
size of the sample were examined using a Scanning Electron Microscope (SEM) (JCM 7000,
JEOL). The Ni, Mn and Co elements’ compositions in the powders were evaluated by
X-Ray Fluoroscopy (Bruker XRF Spectrometer, Germany). The material behavior during
heating was investigated using Thermogravimetric analysis (TGA) (TGA-209F3, NETZSCH,
Germany) in a temperature range of 50 to 900 °C under airflow.

3.3. Cell Assembly and Electrochemical Testing

In an 18650-type cylindrical battery, the electrochemical performance was tested.
Commercial MCMB (MTI, America) were used as the graphite anode. As a binder and
conductive agent, MTI America’s polyvinylidene fluoride (PVDF) and carbon black (CB)
were used, respectively. Meanwhile, lithium-ion transport between the cathode and anode
used LiPF¢ in ethylene carbonate (EC):diethyl carbonate (DEC):dimethyl carbonate (DMC)
=1:1:1, v/v (MTI, China) electrolyte. To sustain reproducible data, the cells were designed
with an N/P ratio of 1.2; thus, the cathode weight became the calculation basis for specific
capacity measurements. Electrode preparation was started by dispersing the active material
(LMO, LCO, NMC, and LNO) with CB and PVDF at a ratio of material: CB: PVDF = 90:4:6
in a nonaqueous N-Methyl-2-pyrrolidone (NMP) solvent to form a homogenous paste. To
ensure complete drying, the slurry was laminated on the front and back of Al foil using an
automatic film coater (MTI, USA) with an adjusted thickness of 200 um, and stored in a
vacuum oven at 120 °C for 1 h. The mass loading of the electrode was ~20 mg/cm?. Before
cell assembly, the electrodes were stored in an oven at 80 °C. The assembly of the cylindrical
cells was performed similarly to our previous study [21]. The NEWARE battery analyzer
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and BTS Software were used to measure the galvanostatic charge-discharge capacity of
cells. The recorded capacity of cells was obtained between 2.7 and 4.25 V at 0.5 C or
100 mA /g (1C =200 mA /g). The rate-ability test also uses the NEWARE battery analyzer
and BTS software with charge and discharge rates determined using the actual specific
capacity (Cyctual = C'). The actual specific capacity (C’) is defined as the theoretical specific
capacity (C)/mass.

4. Conclusions

Firstly, highly crystalline, well-ordered, layered, hexagonal structured LiNixMnyCo, O,
cathode materials with various compositions were successfully synthesized via flash ox-
alate coprecipitation of ternary transition-metal sulfates. According to XRD and FTIR
measurements, the oxalate precursors have no impurity phase. The layered lithium metal
oxide structures can be seen in the XRD spectra of the as-obtained sample. SEM images
confirm microsized, quasispherical-shaped particles. The NMC622 has the highest NMC
specific discharge capacity of 153.60 mAh/g at 0.5 C. Overall, the flash coprecipitation
method is considered promising regarding adaptation for a variety of NMCs, and suitable
to be applied for their mass production.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/batteries8010004/s1, Figure S1: TG/DSC Analysis of NMC 622, Figure S2: SEM Images x5000
magnification of NMCOX 622 and NMCOX 811.
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